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INTRODUCTION
Forest structure is often the result of complex interactions between terrain-mediated differences in soils and microclimate, disturbance history, and the local suite of species. Forests in humid mountainous regions exhibit differences across space in soil moisture, air temperature, insolation, atmospheric humidity, and downslope water flow that affect plant species recruitment, productivity, and biomass accumulation (Foster 1988 , Elliott et al. 1999 , Tromp-van Meerveld and McDonnell 2006 , Elliott and Swank 2008 , Hwang et al. 2011 . Terrain can also affect disturbance frequency and intensity, including drought mortality (Clinton et al. 1993) , and wind damage (Elliott et al. 2002 , Peterson 2007 , Mitchell 2013 , in turn affecting biotic structure and composition. The local suite of species is also determined in part by terrain (e.g., Billings 2000, Barbour et al. 2007) . Often affinities for a particular landscape location have been attributed to a spectrum of traits that suggest adaptation to moisture gradients from mesic coves to xeric ridges (Whittaker 1956 , Bahari et al. 1985 , Day and Monk 1988 , Elliott et al. 1999 , Denslow et al. 2010 , Hawthorne and Miniat 2018 and, to a lesser extent, temperature gradients from low to high elevations (Morin et al. 2007, White and Millert 2008) .
While general relationships between terrain and mature forest height, biomass, or other structural characteristics are widely acknowledged (e.g., McNab 1989 , 1993 , Burns and Honkala 1990 , these relationships have been quantified in relatively few instances (Whittaker 1956 , Bolstad et al. 1998a , Nagamatsu et al. 2003 , Hansen et al. 2014 . In general, stem diameter, tree basal area, and growth rates decrease from cove to ridge and from polar (north-facing in the Northern Hemisphere) to equatorial (south-facing) exposures, corresponding to changes in microclimate (Tajchman et al. 1988 , Bolstad et al. 1998b . Authors have speculated that lower growth is due to drier soils from cove to ridges and higher vapor pressure deficits or drier soils from northeast to southwest exposures (Tajchman et al. 1988 , Fekedulegn et al. 2003 , and to shorter growing seasons and cooler temperatures at high elevations (Whittaker 1956 , Meiners et al. 1984 , Day and Monk 1988 , Bolstad et al. 1998b , Fekedulegn et al. 2003 . While general trends are assumed, height and biomass differences among landscape positions have rarely been quantified, in part due to difficulties in landscape-scale measurements of climate and forest structure across a broad range of conditions. Light detection and ranging (LiDAR)-based methods developed over the past decade may partially address the latter limitation (Dubayah and Drake 2000 , Kane et al. 2010 , Brubaker et al. 2014 , by providing repeat, accurate, comprehensive canopy height and density measurements.
Forests of eastern North America have been influenced by changes in disturbance regimes, in turn affecting interactions among species that vary by key traits (Shugart 1984 , Callaway and Walker 1997 , Beckage et al. 2000 , Nilsen et al. 2001 , Wyckoff and Clark 2002 , Abrams 2008 . Variation in shade tolerance is central to common theories of canopy succession in eastern deciduous forests, with shade-tolerant species more successful in small-gap ascension (Shugart 1984 , Bugmann 2001 , Lienard et al. 2015 . Without disturbance, shade-tolerant species may persist and reach sapling stages and reach the canopy via small canopy gaps. Fire exclusion and clearcutting have affected these interactions among tree species; fire exclusion facilitates expansion of shade-tolerant and fire-intolerant species (Abrams 1998 , VanLear et al. 2002 , and clearcutting facilitates shade intolerant, vigorous sprouters, and/or prolific seed producers that disperse widely and exhibit rapid early growth (Busing 1995 , Elliott et al. 1997 , Boring et al. 2014 . Evergreen shrubs in the genera Rhododendron and Kalmia may dominate eastern North American forest understories and are often categorized as shade-tolerant and somewhat fireintolerant, although there are surprisingly few field studies on fire response and regeneration dynamics of these taxa. They both appear to increase in density in canopy gaps created by disturbances (Plocher and Carvell 1987, Ford et al. 2012) , although it is unclear whether due to seedling recruitment or resprouting/expansion of existing clones.
The impacts of Rhododendron and Kalmia on overstory structure have been poorly characterized in eastern deciduous forests (VanLear et al. 2002 , Elliott and Swank 2008 . In the southern Appalachians, Rhododendron maximum (L.) and Kalmia latifolia (L.) are widespread, form dense thickets, and appear to inhibit tree recruitment and early growth for a broad spectrum of tree species (Nilsen et al. 1999 , Beckage et al. 2000 , Beier et al. 2005 . These evergreen shrubs may further compete for water or nutrients with established overstory trees, thereby reducing tree growth, or over longer time periods may alter canopy structure via reproductive suppression (Clinton and Vose 1996 , Nilsen et al. 1999 , 2001 , Beier et al. 2005 . Evergreen Rhododendrons are invasive elsewhere, causing significant declines in forest recruitment, density, and tree growth in western Europe and Asia (Dehnen-Schmutz et al. 2004 , Maclean et al. 2017 . The impacts of evergreen shrubs may be exacerbated due to historical changes in disturbance regimes in eastern North American forests, for example, widespread logging and fire exclusion (VanLear et al. 2002, Nowacki and Abrams 2008) , although there appear to be no field studies that directly address Rhododendron fire tolerance. Increased evergreen understory may also have led to changes in leaf litter chemistry, decomposition rates, and other ecosystem properties (Monk et al. 1985 , Wurzburger and Hendrick 2007 . Kalmia latifolia impacts on tree regeneration are less well studied, but it is generally the most common evergreen understory species on xeric sites in the southern Appalachians, and it also appears to suppress overstory tree regeneration (Moser et al. 1996 , Arthur et al. 1998 , Waldrop and Brose 1999 , Abella et al. 2003 , Elliott et al. 2009 , Hagan et al. 2015 , Brose 2016 .
While previous studies have identified general terrain responses in forest structure (Whittaker 1956 , Day and Monk 1988 , and mechanisms by which evergreen understory shrubs might affect tree recruitment or growth (Beckage et al. 2000 , Nilsen et al. 2001 , Wurzburger and Hendrick 2009 , to our knowledge there are no studies on the relationships between terrain, overstory structure, and understory structure. Our primary goal was to quantify the relationships between forest structure (including evergreen shrubs) and terrain attributes that have been identified as proxies for changes in temperature, insolation, and available moisture in the southern Appalachian Mountains. Some southern Appalachian taxa are terrain generalists (e.g., Acer rubrum L., Quercus montana Wild.), others show strong preference for concave (cove) terrain positions (e.g., Aesculus octandra L. and Liriodendron tulipifera L.), or convex (ridge) positions (e.g., Quercus coccinea Muenchh, Pinus rigida L.). Still other species are restricted by elevation, for example, Acer sacchaum (Marsh.) at high elevation and Quercus velutina (Lam.) at low elevation. Using field plots, LiDAR, and optical remote-sensing data, we hypothesize that (1) overstory forest physical structure will change across terrain position, with shorter trees and less biomass on ridges, at higher elevations, and southern exposures, (2) evergreen understory shrub density, biomass, and leaf area will change across the landscape, with higher values on north-facing slopes, at higher elevations, and in coves, and (3) after controlling for terrain and elevation, evergreen understory density will be inversely correlated with overstory basal area, height, and biomass. We discuss our findings relative to previously documented, terrainmediated climatic patterns in our study area, which are primarily local to regional gradients in insolation, temperature, precipitation, and to flow-mediated soil moisture.
DATA AND METHODS

Study area
Analyses were based on measurements in subcatchments of the Coweeta Hydrologic Laboratory (CHL) in western North Carolina (Fig. 1) , a third-order catchment in the southern Appalachian Mountains, that have been free from human disturbance for at least 80 yr, in a region of high temperate forest diversity, and that included tree species common across eastern U.S. deciduous forest types. Coweeta Hydrologic Laboratory is a 2184-ha research area located in the Nantahala Mountain Range within the Blue Ridge Physiographic Province, near the southern end of the Appalachian Mountain chain (latitude 35°03 0 N, longitude 83°25 0 W). Elevations range from 675 to 1592 m, and streams flow throughout the year, fed by approximately 1800 mm of annual precipitation. Mean annual temperature is 12.6°C. Most disturbance at CHL is prior to 1940 (Douglass and Hoover 1988) . Between 1919 and 1923, selective but heavy cutting occurred on approximately one half of the forest. Chestnut blight (Cryphonectria parasitica (Murr.) Barr) was first noted in the early 1920s, and by 1940, the majority of previously dominant American chestnut (Castanea dentata (Marshall) Bork.) had died (Elliott and Swank 2008) .
2009 leaf-on, LiDAR data collection; (3) a set of 165 randomly selected maximum tree height measurements across CHL (hereafter, fieldheight); (4) a 6.0-m resolution digital elevation model (DEM) derived from leaf-off LiDAR data collected in 2005 as part of statewide terrain mapping (NCFMP, www.ncfloodmaps.com); and (5) a fused 2.5-m resolution panchromatic, 5.0-m multispectral SPOT satellite image over CHL (SPOT). Unless specified otherwise, all data were collected within a five-year window, 2005-2010 inclusive, to minimize the impacts of disturbance events between various measurement dates.
Forest canopy heights from LiDAR data (hereafter, canopy heights) were estimated from 2009 leaf-on canopy returns less 2005 leaf-off terrain elevations. Herein, we use tree heights and canopy heights interchangeably and use maximum tree heights when referring to the maximum height of an individual tree. Canopy heights were based on first LiDAR returns, processed to sample the upper canopy and remove between and within-canopy gaps. Leaf-on data were collected with an Optech GEMINI ALTM instrument, with 1047-nanometer wavelength, a nominal beam divergence of 0.25 mrad, a 70 Hz maximum scan frequency, maximum scan angle of 21°, and average flying height of 600 m above terrain. First, second, third, and last returns were recorded, with a nominal elevation accuracy of 5-30 cm. Ground and canopy points were identified using the Terrasolid software, applying an iterative triangulation method (Chang et al. 2010) . There was an average density of 8.46 returns/m 2 . Ground elevations and derived terrain surfaces were calculated from the 2005 leaf-off LiDAR data, processed to a 6.0-m cell resolution DEM. Details on data collection and processing are at www.ncfloodmaps.com. The 2005 leaf-off data were used for estimating ground elevations because surface-collected GPS (global positioning system, also referred to more generically as GNSS, or global navigation satellite system) showed the ground heights to have better than 12.0 cm relative vertical accuracy. Cell-centered statistics for a 1.8 m radius circle were calculated (radius chosen to achieve at least 20 canopy returns over most of the study area), including maximum, median, mean, and minimum heights, LiDAR return number, and proportion returned above a 0.5 m height (Naesset 2002) . Total canopy closure was calculated as the number of first returns above 0.5 m height divided by the total number of first returns, overstory canopy closure as the number of first returns above a 5.0 m height divided by the total number of first returns, and mean overstory canopy height calculated as the average of all 1.8 m radius maximum first returns above a 5.0 m height. These LiDAR metrics were extracted for each of the 282 field-plot footprints and summed or averaged appropriately across each plot area.
Canopy gaps were identified from LiDAR heights. Canopy gap seed points were created from focal height differences (Bolstad 2012) and then expanded via a height-based region-growing algorithm (Secord and Zakhor 2007) to identify gaps. Gaps were defined as areas at least 15.0 m shorter than surrounding heights, larger than 50 m 2 , and with a length/width ratio smaller than 8.0 to eliminate areas of crown shyness (Putz et al. 1984 , Fish et al. 2006 .
We validated the LiDAR-measured canopy heights by extracting maximum LiDAR heights ❖ www.esajournals.orgfor 165 individual trees and then comparing these against maximum tree heights measured with standard hypsometric methods (Avery and Burkhart 2015) . Upper canopy trees were chosen at random within terrain position and species strata. Individual stem locations were measured with GNSS data with repeat-measure average error of <38 cm (Bolstad 2012) .
We estimated aboveground biomass using species and diameter survey data from a network of 282 unmanaged reference plots measured in (Vose and Elliott 2016 . These longterm plots are 20 9 40 m rectangles arrayed on approximately N-S transects. Diameters of trees ≥2.5 cm diameter at breast height (dbh, 1.37 m) were measured to the nearest 0.1 cm, and component biomass and leaf area calculated using species-specific allometric relationships (Martin et al. 1998) .
Terrain metrics were derived from the 2005 DEM data, including slope, aspect, and total, plan, and profile curvature calculated with a 150-m edge-dimension moving window (Bolstad 2012 ). An index of aspect-related southern exposure was calculated (Bolstad et al. 1998a ), modified to integrate the April through October period to give an index with a maximum at an azimuth of 180°and a slope of 26.8°, minimum at an azimuth of 0°and slope of 26.8°, and linearly scaled to a range from 0 to 1000 for the upper and lower one percent tails observed for the study area.
Canopy spectral data were derived from SPOT-5 XS data collected 8 March 2007. Panchromatic 2.5-m resolution data were fused with 5-m green, red, and infrared bands using an intensity-hue-saturation algorithm to generate a pan-sharpened image at the 2.5-m resolution (Malpica 2007 ). The normalized difference vegetation index (NDVI) was calculated for the footprint of each field plot. High NDVI values were primarily due to reflectance from understory evergreen shrubs, Rhododendron maximum L. and Kalmia latifolia L., based on field-plot maps overlain with the SPOT image data. Overstory evergreen conifers of the genus Pinus and Tsuga comprise <2% of the basal area in the study area (Elliott et al. 1999) , while understory evergreen shrubs are commonly found in patches spanning several hectares. An evergreen understory density index (hereafter, evergreen understory) was calculated by eliminating cells dominated by evergreen conifer trees from the NDVI raster.
A random sampling (approximately 44,000) of the 2009 LiDAR point heights was used to estimate basin-wide tree heights and canopy closure summary statistics. Samples were from areas with no direct human disturbance since the early 1930s. Areas with harvest, thinning, or within 15 m of roads were removed from sampling. Maximum LiDAR first returns in a 1.8 m radius circle were randomly sampled without replacement (from a population of 1.2 million) across the area from the 2009 leaf-on data, to better represent height (Brandtberg et al. 2003, Gaulton and Malthus 2010) . Samples were limited to heights above 5.0 m, our defined boundary between shrub/sapling and overstory trees. Results were essentially unchanged with 3.0, 4.0, 6.0, or 7 m threshold heights, and while the evergreen understory shrubs occasionally reach heights of 10.0 m in our study area, they are infrequent above 5.0 m. Forest canopies in most cut or windthrow areas surpass a 5.0 m height in 6-8 yr.
Lastly, to evaluate relationships between canopy heights, evergreen understory, and environmental variables, we used a network of vapor pressure deficit (D) measurements, and soil moisture data collected from areas with and without evergreen shrubs at CHL. We evaluated the relationship between elevation and D from five climate stations located within CHL (Table 1) for the period 2012-2014. We calculated daily mean, maximum, and minimum D from hourly relative humidity and temperature measurements following Lowe (Lowe 1977) ; daily mean, maximum, and minimum D values were then averaged for the growing season (May 1-October 15). Soil moisture at 5.0-65 cm depth was collected near the lowest elevation climate station, at approximately 700 m elevation, within a mature, closed-canopy deciduous forest, both under 100% and 0% Rhododendron understory cover. Campbell Scientific CS615/CS616 water content reflectometers were sampled at half-hour intervals over an annual cycle.
Data analyses
All statistical tests reported here are based on permanent plot-level summaries (282 plots), field-measured maximum individual tree heights, ❖ www.esajournals.orgremote-sensing data extracted for plot or point footprints, or unbinned sample data (44,000 individual sample points), although sample points are binned in some figures for clarity. All statistical analyses were performed using R (R Development Core Team 2013), and significance in parameters was reported at a ≤ 0.05.
The relationship between LiDAR-estimated and field-measured individual tree heights was analyzed using linear regression (Myers et al. 2010) . Field-based height measurements were intersected with LiDAR canopy height returns for 1.0-m À2 cells over the study area, and the containing tree crown identified visually. The maximum LiDAR return height was manually extracted from the containing crown and paired with each field-measured maximum tree height (n = 165).
We used multiple linear regression to relate plot data to 2009 canopy height, the 2005 terrain metrics (convexity, elevation, and exposure), and the SPOT image-derived evergreen understory density index. First, LiDAR-derived canopy heights were extracted for each of the 282 fieldplot footprints and averaged for a mean plot canopy height. Plot height means were then related to terrain metrics and evergreen understory. We also fit linear regression models for the 44,000 point canopy heights against terrain metrics and evergreen understory. In addition, plot aboveground biomass was related to plot mean canopy heights, terrain metrics, and evergreen understory. We examined all possible two-variable interactions in the linear regression models and selected reduced models based on parameter significance (P < 0.10) in the full model, and on outlier, heteroscedascity, Akaike information criteria (AIC), and other influence tests (Zar 1999) . We also evaluated separate models based on terrain convexity categories (i.e., landscape positions of cove, sideslope, and ridge). Difference in canopy gap frequency by elevation, landscape position, and aspect categories was tested using chi-square analysis (Corder and Foreman 2009) . To estimate the impact of elevation, convexity, southern exposure, and evergreen understory density, we estimated D factors for each significant model by multiplying the estimated linear regression coefficient by the range or distal quantiles of the variable, for example, the height D for convexity for pooled plot data was obtained by multiplying the highest minus lowest convexity (941.5 À 3.9 = 937.6) by the convexity regression coefficient (À0.0035) for the multivariate model to yield a change in canopy height of À3.28 m. Implied changes by multiplying coefficients over quantile ranges (e.g., 5-95%, 10-90%) rather than extreme ranges are sometimes reported and showed equivalent rankings but reduced magnitude.
RESULTS
Canopy heights and aboveground biomass
Canopies were taller in coves compared to sideslopes and ridges ( Fig. 2 ), heights decreased with increasing elevation, and were lower on south-facing (equatorial) vs. north-facing (polar) slopes, supporting our first hypothesis. Canopies were also shorter with higher evergreen understory densities (P < 0.10 in all and P < 0.01 in most cases, Table 2 ), supporting our third hypothesis. No two-or three-way interaction terms were significant among elevation, exposure, or evergreen understory. Heights on cove sites averaged about 25 m, almost 9 m taller than canopy heights on ridge sites, while sideslopes were intermediate, averaging 22 m. Within terrain position, canopy height changed nonlinearly with elevation, approximately constant over some interval of lower elevations, then declining more rapidly past threshold elevations of~1100 m for coves, 1200 m for sideslopes, and 1400 m for ridges (Fig. 2) . Canopy height changes for the lowest vs. highest elevation quartile were similar for all terrain positions, with an approximately 4.7 m decrease from 700 to 1450 m elevations. Declines were largest in relative terms on ridges (near 28% decrease in canopy height from low to high elevation sites), than sideslopes (19%), or coves (17%). Heights were on average shorter by 3.7 m (plot) to 5.2 m (points) at extreme southern vs. northern exposures, and 8.9-10.8 m shorter at extreme ridge vs. cove locations. Separate models for each landscape category (cove, sideslope, or ridge positions) showed that for coves and sideslopes, canopy height was significantly related to elevation, exposure, and evergreen understory for both the field plots and sampled points (Table 3) . On ridge sites, evergreen understory density index was a significant height determinant for both points and plots, while elevation and exposure were significant predictors of height for point but not plot locations (Table 3 ). Elevation and exposure show approximately equal effects on canopy height over our sampling, with a somewhat larger decline associated with evergreen understory density (Table 3) .
Overstory canopy height declined up to 12.7 m across the range of evergreen understory amounts, with declines greatest at ridge locations and least in coves (Table 3) . Heights declined as much from sparse to dense evergreen understory as they did across of the ranges of elevation, convexity, or exposure observed at our sites. Within each landscape position (cove, sideslope, ridge), canopy heights decreased significantly at higher evergreen understory densities (Table 3) ; binned sample point averages reveal that height declined more at ridges (9.2 and 13.6 m for extreme points and plots, respectively) and sideslopes (8.9 and 12.5 m) than coves (6.2 and 7.4 m). Binned plots show an approximately linear decline in height Notes: Models are based on field-plot average LiDAR heights and the randomly sampled leaf-on LiDAR heights. Significance is based on a two-sided t-test on reduced sum-of-squares comparison for each factor when removed from the full linear model. The magnitude of the change, D, implied by the estimated coefficient is computed over the range observed for each independent variable. EUD is evergreen understory density. Parametric significance in this table is indicated as ** for P < 0.01.
† Full model.
with increasing evergreen understory on ridge and sideslope locations (Fig. 3) , with scant decline across evergreen understory densities at cove locations. There was no significant interaction between evergreen understory and elevation, neither for field plots nor for LiDAR point sample data (P > 0.10). Canopies were consistently shorter in the presence of higher evergreen understory both for north-facing and southfacing sideslopes (Table 4) , with an average canopy height reduction of 6.4 m (south-facing) and 6.0 m (north-facing). Aboveground biomass variation generally parallels that of canopy height. Biomass averaged 252,800 kg/ha, ranged from 73,600 to 606,100 kg/ha, and reached highest values in field plots with taller canopies, at mid-to upper elevations, and lower convexities (coves relative to ridges; Tables 2 and 3, Fig. 4a-c) . The trend of increasing biomass with elevation was strongly influenced by cove and lower sideslope plots found between 1000 and 1300 m elevation, characteristically near the base of upper escarpments. Within landscape positions, biomass was significantly affected by elevation, exposure, and evergreen understory, but the magnitude and nature of relationships varied among terrain positions (Table 5 ). On sideslopes, exposure and evergreen understory had significant negative effects and elevation had a significant positive effect on biomass. However, only evergreen understory density was significantly related to a decline in biomass on ridges, while elevation and exposure had no significant effect; and none of these factors had a significant effect on biomass for coves (Table 5) . Notes: Model estimates are based on field-plot average LiDAR heights and the randomly sampled, leaf-on LiDAR heights. Significance is based on a two-sided t-test on reduced sum-of-squares comparison for each factor. The magnitude of the change, DH, is calculated from the estimated slope coefficient from the fit model multiplied by the range observed for the corresponding independent variable. EUDI is evergreen understory density index. Parametric significance in this table is indicated as * for P < 0.05, ** for P < 0.01.
† Full model. 
Evergreen understory
Evergreen understory density, basal area, and leaf area showed strong correlations with canopy height and biomass, both overall and within terrain categories (Tables 2, 3 , and 6), and complex relationships with terrain attributes. Evergreen understory basal area on the field plots averaged 1.32 m 2 /ha and was inversely related to overstory tree height and overstory biomass in almost all models (P < 0.01, F-test in multivariate regression model). We observed higher shrub density and mass on ridge sites than coves (Fig. 5) , and in areas corresponding to shorter, lower biomass overstories, supporting our second hypothesis. Understory density, basal area, and mass significantly increased as elevation increased, with highest values typically observed on plots at mid-to upper elevation ridges. Evergreen understory increased from cove to ridge, with basal area averaging 1.8 m 2 /ha on ridge sites, defined as the top quartile of landform convexity; this evergreen basal area was more than twice that for cove sites comprising the bottom convexity quartile.
Evergreen understory density was also higher on south-facing sideslopes than north-facing sideslopes and coves (P < 0.01, F-test in multivariate regression model), but there was no exposure effect in models fit for ridge plots (P > 0.1, F-test). Shrub basal area for plots in the most south-facing quartile averaged 1.7 m 2 /ha, while the north-facing quartile averaged 1.1 m 2 /ha basal area.
Overstory canopy closure and leaf area index
Overstory canopy closure (and percent cover) was high, with 90% of the field plots having >80% of the returns from above 5.0 m. Canopy closures in a 5.0-m circle spanned the range from 18.0% to 99.2%. Mean canopy closures differed by landscape position, averaging 89.2%, 90.2%, and 71.8% on coves, sideslopes, and ridges, respectively, but these differences were not significant when pooled across landscape positions. Overstory canopy closure was related to evergreen understory measured by the point samples. There was a significant decrease in overstory canopy closure with increasing evergreen understory for ridges ( Fig. 6 , P < 0.01), but not for coves or sideslopes (P > 0.10). Canopy closure had a significant nonlinear component (P < 0.01 for quadratic term in a linear regression model), and variability increased with high evergreen densities. Overstory canopy closure was not related to elevation, exposure, or convexity for the pooled plot data nor for plots analyzed by landscape position.
Total leaf area index (LAI) increased with canopy height, higher elevations, lower convexity (in coves), and at higher evergreen understory densities (all P < 0.05). Except for canopy height, differences in leaf area were small over the range of conditions for each variable. For example, LAI averaged 5.06 m 2 /m 2 on ridge plots and 5.31 m 2 /m 2 on cove plots. Total LAI was not significantly related to exposure, suggesting that LAI was not lower on plots with southern exposure relative to northern exposure across all elevations, terrain convexities, and evergreen understory densities.
Within terrain class, LAI at ridge and sideslope positions were significantly related to canopy height, elevation, exposure, and understory evergreen density in various combinations (P < 0.01 for most), but no significant relationships were found in coves between LAI and terrain variables or evergreen density. LAI on ridges was most strongly related to canopy height, averaging 3.40 m 2 /m 2 for average canopy heights <7.5 m (25th quartile height) and 6.57 m 2 /m 2 for canopy Evergreen understory LAI increased with canopy height and scaled convexity (model adjusted R 2 = 0.26, P < 0.05), and increased with elevation, and from cove to ridge locations (Fig. 7) . Evergreen understory LAI was an increasing proportion of total LAI across scaled convexity, ranging from an average of 2.9% in the deepest coves to 7.9% of total LAI on the sharpest ridges (Fig. 7a, b) .
Gap density and size
Gaps were more frequent on south-than north-facing slopes (Table 7 , v 2 = 270.2, P < 0.01), but were less frequent at higher elevations, in coves, or with higher evergreen understory densities (Table 7) . Gap density increased from 1.61 gaps/ha to 2.17 ha À1 from north-to south-facing exposures. However, gap size was not Stepwise multiple regression showed that biomass was significantly related to all three variables (Table 4 ; model adjusted R 2 = 0.46, P < 0.05).
significantly related to elevation, convexity, exposure, or evergreen understory indices or amounts.
DISCUSSION
Our analysis revealed that trees were shorter and plots had less biomass on ridges (more convex terrain positions), on south-facing slopes, and in areas with a denser evergreen understory. Heights declined with elevation, but biomass increased to mid-elevations, most markedly in coves. Overstory LAI was lowest on ridges with high evergreen understory density. Gaps were more frequent on south-facing slopes. The strongest responses in canopy height and aboveground biomass were associated with changes in evergreen understory density, particularly at ridge and sideslope locations, with slightly smaller but still significant responses observed along terrain convexity, exposure, and elevation gradients.
These terrain-related patterns of heights and density likely reflect biological and climatic controls on forest structure and biomass accumulation, rather than direct human disturbance history. Our sites have been unmanaged for the past 80 yr, with no large-scale, stand-replacing disturbance events since the loss of American chestnut in the 1930s (Elliott and Swank 2008) . Hemlock woolly adelgid has killed almost all canopy hemlock trees starting in 2002, but these initially comprised approximately 1% of the canopy trees across our site, sporadically abundant along riparian corridors (Elliott et al. 1999 , Narayanaraj et al. 2010 ). Previous work indicates Notes: Overstory biomass was the dependent variable with independent variables of elevation, exposure, and evergreen understory density index. Significance is based on a two-sided t-test on reduced sum-of-squares comparison for each factor. The magnitude of the change, DM, implied by the estimated regression coefficient, is computed over the range observed for each independent variable. EUDI is evergreen understory density index. Parametric significance in this table is indicated as * for P < 0.05, ** for P < 0.01. † Full model. Table 6 . Multiple regression coefficients and P-values of evergreen understory basal area using independent variables of average canopy height, elevation, exposure, and convexity.
Category
Predictor variable coefficients (P >|t|) Notes: Models are based on field-plot average measurements. Significance is based on a two-sided t-test on reduced sum-ofsquares comparison for each factor when removed from the full linear model. The magnitude of the change, D, implied by the estimated coefficient is computed over the range observed for each independent variable. Results are generally similar when evergreen understory density index or leaf area are analyzed. Parametric significance in this table is indicated as * for P < 0.05, ** for P < 0.01. the overstory canopy predates sub-canopy evergreen shrubs at our site Vose 2011, Brose 2016) . Canopy closure typically occurs within 10 yr after disturbance, and competitioninduced mortality occurs over the next 40 yr (Elliott et al. 1997 , Boring et al. 2014 . Height growth decelerates after ca. 60 yr, depending on site quality and species (Burns and Honkala 1990) . Thus, sufficient time has passed so that height, LAI, and gap frequency would depend more on bioclimatic, site fertility, local biotic interaction, and localized natural disturbances rather than variation in logging intensity or Castanea density from more than 80 yr ago.
In contrast to height, LAI, and gap frequency, biomass perhaps shows some impact from past logging, as harvests were likely more frequent and complete at lower elevation coves and adjacent sideslopes, with idiosyncratic patterns at mid-to upper elevations and away from road networks (De Viso 1986 , Lewis 1989 . Biomass can show longer legacy effects from past disturbances (Lorimer 1980 , Elliott et al. 1999 , Brose and Waldrop 2010 , so patterns across terrain may be confounded by human intervention history. Harvesting in the region was less frequent and less intensive on ridge locations (Elliott and Swank 2008) , so biomass patterns there may better reflect natural biological or climatic driven processes, but we do not have specific information for our study site prior to 1930.
Terrain effects on forest characteristics
Canopy height and aboveground biomass were strongly correlated, and both were strongly related to terrain convexity, elevation, and exposure. Canopy heights decreased from coves to ridges and lower to higher elevations, while biomass was substantially lower on ridges vs. coves and sideslopes, and biomass increased with Fig. 6 . Percent of first canopy returns from under 5 m related to evergreen understory density index using ridge points only, showing decreasing overstory canopy density on ridges with increasing shrub presence. Fig. 7 . Leaf area index (LAI) of (a) overstory plus evergreen understory and (b) evergreen understory only, Rhododendron maximum and Kalmia latifolia, related to scaled convexity, showing decreasing overstory leaf area and increasing understory leaf area when moving from coves to ridges. Note: Gaps were significantly more frequent on south-vs. north-facing slopes (v 2 = 270.2, P < 0.01), but differences in area and size were non-significant (P > 0.10). elevation, largely due to high biomass in upper elevation coves. Canopies were shorter on southcompared to north-facing slopes, and height reduction due to exposure was less than that observed from coves to adjacent ridges.
Controls on maximum canopy height and height growth rates are complex and can range from resources, such as soil moisture, soil nutrients, and light quality, to genetic and evolutionary factors among or within species, such as hydraulic limitations (Ryan and Yoder 1997 , Becker et al. 2000 , Schafer et al. 2000 , Koch and Fredeen 2005 , Ryan et al. 2006 . Temperature and growing season length decrease as elevation increases (Swift et al. 1988 , Hwang et al. 2011 and could cause shorter canopies under equal stand ages. Canopy height may be limited hydraulically by resistances associated with the xylem conduits, gravity, and high vapor pressure deficits (D; Koch and Fredeen 2005) . Hydraulic limitation and lower soil moisture are perhaps the most plausible explanations for cove to ridge decreases in canopy height, and decreased heights at southern vs. northern exposures, observed across all elevations. Higher summer temperatures, more frequent high D, and increased water stress have been observed at sideslope vs. cove locations in our study basin (Hawthorne and Miniat 2018) . Lower soil moisture and radial growth have been observed on ridge and south-facing sites in the southern Appalachians, consistent with a water limitation hypothesis (Werling and Tajchman 1984, Tajchman et al. 1997) .
Past observations suggest that D alone is not the primary variable causing differences in canopy height across the broad elevation gradient in our study area, as height under this hypothesis should decrease with increasing D in all conditions. Inter-and intraspecific differences modulate climate-driven adjustments in leaf area, with altered leaf area at drier sites during dry periods and years (Grier and Running 1977 , Schafer et al. 2000 , Oren and Pataki 2001 , Reich and Bolstad 2001 , Leuzinger et al. 2005 , Carnicer et al. 2011 . Reduced carbon assimilation can occur on dry days, and leaf fall and early senescence may accompany dry periods, thereby reducing growth. While vegetation structure conformed to this prediction from north-to south-facing slopes, it did not with elevation; heights at our site decrease with decreasing D along elevation gradients (Bolstad et al. 1998b , Hwang et al. 2014 ; Fig. 8 ). We do not see an increase in canopy height with elevation at any terrain position as would be expected under a singular D limitation hypothesis. If D alone was the dominant hydraulic limit on height growth across all elevations, we would not expect the relatively large difference in canopy height that we observed across short-distance terrain convexity gradients that have similar above canopy D, nor would we expect height declining as D declines with increasing elevation. Reduced heights with elevation may be a temperature response, as growing season length and average temperature decrease upslope, and a combined soil moisture/ D response when moving from cove to ridges.
Soil moisture availability is lower on ridges compared to coves and may interact with D or be a dominant control for the almost 70% taller mature forests on cove sites than nearby ridge sites (Helvey et al. 1972 , McNab 1993 , Yeakley et al. 1998 ). This moisture difference is more pronounced at low compared to high elevations, suggesting that soil moisture availability relative to demand may be more important than absolute soil moisture availability. Although precipitation inputs are approximately equal across landscape positions at the same elevation (Swift et al. 1988) , cove and more north-facing sideslopes have Fig. 8 . Average, maximum, and minimum vapor pressure deficit (D) related to elevation for five climate stations within the Coweeta Basin, see Table 1. more stable soil moisture profiles, deeper soils (Hicks and Chabot 1985) , receive downslope subsidies through subsurface water flow, and have lower soil evaporation rates (Desta et al. 2004) . As the growing season progresses, recharge, transpiration, and growth may be limited in ridge locations due to accumulating soil moisture deficits (Ford et al. 2011 , Thomsen et al. 2013 , Hawthorne and Miniat 2018 . Soil moisture limitations, even in this relatively mesic region, agree with a broader set of studies relating height growth to soil moisture (Carmean 1972 , Chen et al. 2002 , and soil moisture stress is a significant cause of mortality at our site in drought years (Clinton et al. 1993 , Kloeppel et al. 2003 . Differences in evaporative demand between coves and ridges decrease with elevation, as the range of mean D declines (Fig. 8) and soil moisture deficits decrease (Helvey et al. 1972 ). Height differences among landscape positions decline from low to high elevations at our study site, from an approximate 10 m height span at an 800 m elevation to an approximately 4 m span at 1350 m elevation. While atmospheric moisture stress undoubtedly occurs at higher elevations, daily and seasonal accumulated water demand is lower. Our observed cove-to-ridge decrease in height and biomass is consistent with a number of studies that show a strong influence of topographic convergence and associated soil properties on landscape soil moisture availability (Kirkby 1988 , Rodriguez-Iturbe et al. 1995 , Western et al. 1999 , Fernandez-Illescas et al. 2001 , and potential growth responses to terrain shape (McNab 1989 , 1993 , Kabrick et al. 2014 .
Canopy height differences across landscape position may in part be due to soil nutrient pools and processes (Albaugh et al. 1998 , Boggs et al. 2005 ). Nitrogen mineralization rates have been observed to vary along topographical gradients in the southern Appalachians, with greater rates in coves relative to ridges, and at higher elevations in some studies (Garten and van Miegroet 1994, Knoepp and . In low-elevation watersheds, N mineralization rates have been reported almost three times greater in coves compared to sideslopes (Knoepp et al. 2008) . Foliar litter quality (and species composition) is responsible for elevated N mineralization rates in coves compared to sideslopes, more so than moisture and temperature regimes of different landscape positions (Knoepp and Vose 2007) .
At our site, others have found that nitrogen availability also varies with elevation (Knoepp et al. 2008) . Greater nitrogen deposition at high elevation is driven by~30% greater precipitation, resulting in N deposition increasing from 9.5 to 12.4 kgÁha À1 Áyr À1 from low to high elevations across our study gradient (Knoepp et al. 2008 ). In addition, higher litterfall N, greater rates of soil N transformations, higher soil solution N, and greater stream N exports were found at high elevation than low elevation at our study site (Knoepp et al. 2008) .
Wind is unlikely to be the primary cause of reduced heights from cove to ridge positions. While wind can alter height directly through sculpting and indirectly through windthrow (Mitchell 2013) , neither of these are likely strong contributors to cove-to-ridge decreases in height in our study. Peak winds show weak directionality at the site, and while likely higher on ridges, we have no measures, and damage and windthrow appear at least as common in cove and sideslope positions. Average and peak wind speed increase with elevation, and so may be responsible for some of the decrease with heights. We do not have a sufficiently dense microclimatic network to test these effects.
We cannot de-convolve the changes in species from cove to ridge, maximum height limits, and our observations. Coves species such as Liriodendron tulipifera have taller maximum observed heights than common ridge species, for example, Oxydendrum arboreum or Quercus coccinea. While the two most common species at our site, Acer rubrum and Quercus montana, are common across nearly the complete range of elevations and terrain positions, most of the overstory species segregate by terrain position and elevation (Bolstad et al. 1998a , Elliott et al. 1999 , according to traits identified with competitive advantages at those sites.
Evergreen understory and overstory forest characteristics
Evergreen understory density, chiefly Rhododendron and Kalmia species, shows as large a correlation with changes in canopy height and biomass as terrain variables. Forests with dense evergreen understory had lower LAI, were on average 6.2-13.6 m shorter, and had 74.1 Mg/ha less biomass. These relationships were strongest for ridge locations, but were also significant for sideslopes, with only slight and mostly non-significant effects of evergreen understory on canopy heights and biomass on coves. Canopies on ridges were only half as tall when high evergreen understory was present when compared to those without evergreen shrubs (10 vs. 19 m), and overstory canopy height was 6 m shorter with high evergreen understory compared to low evergreen understory on sideslopes (Table 3) . This reduction was approximately three times greater than the height difference of south-vs. north-facing slopes (2 m; Table 4 ), suggesting that the average impact of evergreen understory is at least as large as differences in exposure.
We note that contrary to one of our hypotheses, evergreen understory density was higher on south-facing slopes. This may be due to the mix of evergreen species, with the more drought tolerant Kalmia able to exploit more xeric, southfacing sites at lower elevations, and both Rhododendron and Kalmia at upper elevations. These ericaceous shrubs may be responding to higher light environments. South-facing slopes in our study basin receive more insolation, warm up more quickly in the spring, and may support earlier growing season initiation and a longer period prior to overstory leaf out.
Our work, taken with previous findings, strongly suggests evergreen ericaceous shrubs may substantially affect forest structure across landscapes. Much work in forest ecology has focused on competitive interactions between overstory species, chiefly for light, but also as affected by water and nutrients (Shugart 1984 , Bugmann 2001 , Purves and Pacala 2008 , Lienard et al. 2015 . Our analysis suggests that understory shrubs may be effectively competing with overstory species and altering overstory structure, specifically height growth. Previous work has shown potential mechanisms via light, soil, and nutrient impacts detrimental to tree seedlings under Rhododendron and Kalmia (Monk et al. 1985 , Nilsen et al. 1999 , 2001 , Beier et al. 2005 , and preferential N access via chemical complexing in decomposition Hendrick 2007, 2009 ), but to date no studies have quantified potential resource limitations on overstory height or biomass due to these evergreen species. We show consistent reductions in overstory height or biomass that persist across terrain positions, when Rhododendron and Kalmia species are present. Rhododendron species have been noted as an important invasive exotic that affect overstory composition in the British Isles and mainland Europe (Dehnen-Schmutz et al. 2004 , Es ßen et al. 2004 , Erfmeier and Bruelheide 2010 , although impacts on forest height and biomass are not reported. Rhododendron has been reported to initiate best in clear-felled forest (Plocher and Carvell 1987) , and Kalmia is actively controlled elsewhere in North America to improve forest growth (Swift et al. 1993 , Mallik 2003 , Thiffault and Jobidon 2006 .
One might argue that evergreen understory has simply responded to less dense overstory, spreading in response to overstory drought mortality, ice damage, or other canopy-altering events. Previous studies suggest otherwise, as the evergreen species do not appear to have expanded their extent at our site in the past 80 yr . Rhododendron has increased in density in riparian areas after hemlock mortality (Ford et al. 2012) . Conditions that lead to significant areal expansion of Rhododendron and Kalmia are poorly characterized in the southern Appalachians, but the species appear slow to spread there, with a predominantly clonal, long-life span, low seed recruitment strategy under overstory canopies; ramet origins in one study were tied to clear-felling disturbances and not expansion under intact canopies (Plocher and Carvell 1987) .
One might posit overstory height and biomass patters are a response to some complex environmental factors (Parker et al. 1989 , Vose et al. 1995 , with opportunistic spread or development of evergreen understory to areas where canopies are sparse for some other reason. Environmental factors such as soil moisture, nutrients, or atmospheric D may limit overstory canopy density, allow more light penetration, and hence support greater understory canopy development. This is unlikely, given that evergreen understory species are slow to spread in our site , post-date existing canopy trees, that dense evergreen understory and bare patches were found across all combinations of elevation, convexities, and exposure, on similar soils, and that canopy height and biomass depression was observed across most of these combinations. It would require that some unknown factor causes a limitation that preferentially affects the overstory and not the understory species, for example, greater nutrient use efficiency in evergreen vs. deciduous habits (Osnas et al. 2013 ), higher D only in the upper canopy, and lower water stress in the understory (Gallego et al. 1994, Rambo and North 2008) . However, we conclude this is unlikely because the reductions in overstory LAI, biomass, and canopy density were found across moisture, temperature, and nutrient gradients. We observed an evergreen effect on northern and southern exposures (temperature and moisture), sideslopes at high vs. low elevations, and ridges vs. sideslopes vs. coves all at the same elevation (temperature, moisture, and nutrients), suggesting that evergreen understory is affecting overstory structure. Our evidence is observational, and definitive proof can best be provided by long-term, controlled, manipulative studies; however, our observations, combined with previous studies, strongly suggest understory impacts on overstory forest structure.
There are several mechanisms by which evergreen understory shrubs might influence overstory height, biomass, and density. Previous work has documented tree reproduction inhibition (Clinton et al. 1994 , Clinton and Vose 1996 , Beckage et al. 2000 , Beier et al. 2005 , lower surface light levels (Clinton et al. 1994) , and moisture and nutrient limitation (Nilsen et al. 2001 , Wurzburger and Hendrick 2007 ) under Rhododendron. Thus, trees may face a recruitment bottleneck such that the shorter heights and lower biomass may be a result of canopy mortality without replacement, or delayed recruitment and altered tree demographies relative to shrubfree sites. While plausible, this would require that the understory pre-date the overstory, or that there has been significant gap formation and mortality at the sites since stand initiation. Age measurements of Rhododendron and nearest neighbor trees at Coweeta revealed the mature forest trees were established prior to or at the same time as Rhododendron , and that existing Rhododendron ramets are unlikely to have inhibited initial overstory recruitment since the last landscape-scale disturbance. They found that evergreen Rhododendron aged 6-120 yr, while co-occurring overstory dominant trees averaged 113 yr old, with many trees >150 yr old. Most trees are older than the evergreen shrubs and pre-date chestnut decline, existing as saplings that opportunistically benefited from the chestnut blight. Mortality episodes have been noted since the 1930s, due both to drought and invasive exotics (Clinton et al. 1993 , Narayanaraj et al. 2010 , although these have been limited in scale and distribution. Stands are of an age to be entering a forest gap formation and replacement phase, so recruitment limitations post-initiation may due to evergreen shrubs may be the cause of some changes in overstory structure, but is likely not an overriding one.
Understories may alter overstories through altered soil nutrient pools. Soils under Rhododendron exhibit lower pH and cation concentrations (Boettcher and Kalisz 1990) , and lower available N, with an altered soil N cycle relative to forests without Rhododendron (Wurzburger and Hendrick 2007) . Rhododendron litter is associated with polyphenol-organic N complexes that were available to Rhododendron but not to deciduous broadleaved seedlings (Wurzburger and Hendrick 2009) . Leaf N is tightly related to maximum photosynthesis and net leaf productivity over a range of species (Reich et al. 1998) , and there is a strong relationship between total canopy LAI and canopy nitrogen content (Yin et al. 2003) . Preferential soil N availability for the understory may sequester N resources, thereby reducing overstory growth and LAI, increasing access to light, and supporting higher understory LAI, as observed at the ridge sites (Figs. 6, 7) . This explanation is consistent with our observation of approximately equal height growth reductions on north-and south-facing sideslopes, despite differences in temperature, soil moisture, and other environmental conditions. This N uptake hypothesis may explain the muted effects of evergreen understory density in cove locations, where there were generally slight responses in height growth, biomass, leaf area, and canopy closure, and where Rhododendron often reaches high densities. Higher soil N in coves may offset immobilization by Rhododendron, leaving sufficient supply for full canopy growth in coves. If true, we would expect overstory leaf N concentrations and/or total canopy N to be lower in the presence of a Rhododendron or Kalmia understory, and the difference to increase from cove to ridge.
We know of no published work on comparisons across understory densities and terrain gradients to test this proposed mechanism.
Increased water use and drier soils may be another mechanism by which evergreen understory species reduce overstory tree height, biomass, and canopy properties (Tyree 2003 , Pallardy 2008 . Although scant work exists, Grano (1970) reported sustained overstory response in mature Pinus taeda/P. echinata stands after understory removal on dry sites in Arkansas, with significant increases in biomass accumulation for more than a decade. Conversely, no response was observed on a broader set of studies on wetter sites in the northeastern United States (Kelty et al. 1987) . Evergreen shrubs begin transpiration earlier in the season, and while transpiration rates per leaf-unit are lower than co-occurring trees due to more humid and shaded understory microclimate (Brantley et al. 2013) , net water use could be a significant portion of total stand water use due to high understory leaf area and an extended transpiration season on drier sites. Other work has shown evergreen understory species segregate along topographical gradients (Lipscomb and Nilsen 1990) , with drought-tolerance matched to available soil moisture. Long-term soil moisture measurements in a cove location at our site with and without an understory canopy show consistently lower soil moisture under Rhododendron shrub canopies, ranging 2.3-4.5% depending on sample year and season (Fig. 9) . This difference is likely magnified at ridge locations in drier soils and could explain the strongest impacts of understory evergreens on ridge locations, most notably at lower elevations, but would not explain the reduced height growth due to evergreen understory on both wet and dry sites. Nitrogen and water limitation may interact, with N sequestration under evergreen shrubs leading to lower fine root growth and water harvesting potential by overstory trees, feeding back to sparser canopies and lower overstory production.
Integrated work would best identify if these overstory/understory associations are causal, and if so, the mechanisms by which understory evergreen shrubs alter overstory canopy structure. Our work shows that evergreen understory is related to widespread, consistent changes in overstory structure and, when combined with previous work, suggests mechanisms. Unambiguously quantifying the causes of the correlation will require further work. N competition and N sequestration hypotheses could be tested via sampling overstory leaf N concentration and total mass for stands with and without dense understory evergreen shrubs, by long-term N additions and measurement of growth response, by understory evergreen removal, or by N tracer studies. This sampling could be combined with soil moisture, evaporation, and transpiration measurements to estimate moisture consumption by components and identify the frequency and extent of moisture limitations on growth. Complimentary measurements across landscape positions may identify the breadth of identified mechanisms.
CONCLUSIONS
Our analysis demonstrates strong relationship between canopy height and biomass and terrain shape, elevation, and exposure. We also found Fig. 9 . Soil moisture data averaged across four depths (5, 20, 35, and 65 cm) per location with (n = 4) and without (n = 4) rhododendron evergreen shrub cover from TDR sensors (CS615, Campbell Scientific, Logan, Utah, USA). Measurements were made continuously during dormant (DS) and growing (GS) seasons for three years. Only data are shown when all sensors were logging across all depths and locations for comparison (C. F. Miniat and P. V. Bolstad, unpublished data). While differences are consistent and in the expected direction, they are not statistically significant. strong relationships between overstory structure and evergreen understory density, with reduced tree height, biomass, leaf area, and canopy closure in stands with high evergreen understory. This suggests understory structure and composition, and particularly evergreen understory density, have a significant effect on overstory forest structure, and that the influences vary by terrain conditions.
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